Abstract. Tokamak plasma current start-up assisted by Electron Bernstein waves (EBW) has been demonstrated successfully in a number of experiments. The dynamic start-up phase involves a change in field topology, as the initially open magnetic field lines form closed flux surfaces (CFS) under the initiation of a plasma current. This change in field topology will bring about a change in the current drive (CD) mechanism, and, although various mechanisms have been proposed to explain the formation of CFS, no detailed theoretical studies have previously been undertaken. Here, we report on the development of a start-up model for EBW-assisted plasma current start-up in MAST. It is shown that collisions are responsible for only a small part of the CD, while the open magnetic field line configuration leads to an asymmetric confinement of electrons, which is responsible for the greater part of the CD.
Introduction
Non-inductive plasma current start-up is a very important area of research for the spherical tokamak (ST) due to a lack of space in a reactor for a neutron-shielded inboard solenoid. A possible start-up technique, based on the use of radiofrequency (RF) waves, has been proposed and developed in order to avoid a central solenoid in future ST devices [1, 2, 3, 4] . The electron Bernstein wave (EBW) start-up technique has proven particularly successful [5, 6] , with currents up to 73 kA achieved noninductively on MAST with up to 100 kW of input power [7] .
Among the various phases of noninductive current drive, one of the most important, and most dynamic, is the start-up phase. This phase involves the change of field topology from the open magnetic field line configuration to the formation of closed flux surfaces (CFS), as shown in figure 1 , which has been observed in a number of RF assisted start-up experiments [1, 2, 5, 6] . The formation of CFS drastically affects the plasma equilibrium and confinement, and therefore also the current drive (CD) mechanism. An investigation of the start-up process and development of reliable start-up models are therefore not only important for gaining an understanding of successful start-up in tokamaks, but also for predicting performance and start-up requirements for present and future STs. The Fisch-Boozer mechanism [8] , based on the preferential heating of electrons with a fixed parallel velocity to produce an anisotropic plasma resistivity, is an attractive concept for CD using electron cyclotron (EC) waves. For typical plasma parameters, however, the core is inaccessible for conventional electromagnetic modes in the range of frequencies corresponding to the first few EC resonances [4] . EBWs, however, have been shown to provide localised, highly efficient heating and CD in STs both theoretically [9] and experimentally [5, 6] . The advantage is that EBWs do not have any density cut-offs inside the plasma, and they are strongly absorbed at nearly all harmonics of the cyclotron resonance, even in relatively cold plasmas [4, 10] .
As EBWs are predominantly electrostatic waves, start-up by this means rely on the mode conversion (MC) from externally launched electromagnetic waves, which can occur through a number of methods [5, 6, 11] . The excited EBW is then totally absorbed, and has been observed to generate significant plasma currents [5, 6, 7] .
Experiments concluded that the generated plasma current is carried by energetic electrons, which raises the issue of whether a collision-driven CD mechanism, such as the Fisch-Boozer mechanism, is valid [6, 15] . Alternative CD mechanisms have since been proposed to describe the generation of plasma current and the spontaneous formation of CFS, including a pressure driven current [2, 6, 12, 13] , and the preferential confinement of fast electrons [13, 14, 15] .
Theoretical studies of EBW start-up have mainly relied on equilibrium reconstruction and the study of single particle orbits as a way of describing the initiation of CFS. As such studies are unable to describe the time evolution of observables, they are unable to account for certain experimentally observed effects. In particular, experiments found the following:
(i) shifting the plasma up or down helps the formation of CFS [5, 7] , (ii) larger plasma currents are generated by increasing the vacuum magnetic field strength [5, 6, 7] , (iii) and there exists a linear dependence between injected RF power and generated plasma current [7] .
In order to explain these phenomena and show what CD mechanism is responsible for the generated plasma current, a start-up model has been developed in order to interpret and predict start-up performance in current and future STs. This paper describes the development of a kinetic model for studying EBW start-up. It leads to interpretations and predictions with regards to CD mechanisms, plasma-wave interactions, and the role of the vacuum magnetic field.
The paper is structured as follows: the kinetic model is introduced, followed by a discussion of the role of the magnetic field on single particle orbits and electron confinement. Simulations are performed to investigate the CD mechanism and to illustrate the effect of the vacuum magnetic field, before comparisons with experiments are made.
Development of a kinetic model for studying EBW start-up
The development of start-up models is important to interpret and predict startup current drive in STs, and provide an understanding of conclusions drawn from experiments. The main components during EBW start-up is expected to be the plasmawave interaction and the effect of the open magnetic field lines on particle orbits. We have therefore developed a start-up model to study the time evolution of the electron distribution function only, as ions are not expected to dominate the plasma behaviour. In general, the electron distribution function depends on space, momentum, and time, f ( r, p, t), and can be used to calculate, amongst other observables, the parallel current density,
and the electron density,
The full 6+1 dimensional distribution function f ( r, p, t) is a complicated function to study due to the spatial diffusion of electrons -the open magnetic field line configuration means that electrons aren't confined to fixed orbits, but are rather position and momentum dependent -and the plasma-wave interaction being both position and momentum dependent. For this reason, in order to study the time evolution of the distribution function, simplifications are made to ensure the model is tractable and computationally manageable.
The assumption is made that the main physics can be included in a model that is zero dimensional (0D) in space, as long as appropriate volume averages are taken when calculating the 0D approximations. Further, the time it takes for an electron to complete a gyro-orbit is fast compared to all other timescales, such that the momentum dependence can be captured in two dimensions (2V) only. The time evolution of the distribution function is then studied in the presence of several effects thought to be important in capturing the main physics during the early stages of the plasma discharge, ∂f ∂t = source − loss + EBW heating + collisions + induction (1) where f = f (p , p ⊥ , t), and p is the momentum along the magnetic field and p ⊥ the momentum perpendicular to the magnetic field. In order to include relativistic effects in the EBW heating term, momentum p is used rather than velocity v. Additional terms, such as radiative losses or recombination effects, are neglected as these are not expected to dominate the plasma behaviour during start-up.
Electron sources
The source term models cold electrons entering the system, mainly through ionizations. These electrons are assumed to be isotropic in momentum, such that,
where p 0 is the characteristic momentum of these cold electrons, and S 0 is the source injection rate. The value of S 0 is chosen to ensure that the density obtained from the distribution function equals some pre-determined density, obtained, for example, from experiments. The time evolution of the density depends on many factors including neutral gas puffing, ionization, recombination, and refuelling from the plasma edge. Models simulating startup in conventional tokamaks are able to simulate the time evolution of the density [16] , but in this paper we will assume the time evolution of the density is known.
Collisions
The collision operator approximates electron-electron collisions, under the assumption that the distribution collides with a background Maxwellian distribution of the same temperature and density, and pitch-angle scattering is due to electron-ion collisions [17] .
Plasma induction
In the absence of an external electric field, a change in plasma current will create a loop voltage opposing the change in current according to Lenz's law,
where the self-inductance L p is a function of the plasma major radius R, minor radius a and internal inductance i [16, 18] ,
with the internal inductance i calculated with [19] ,
In the case of a flat I P profile i = 0.5. This leads to a value for the self-inductance of L p = 6.5 × 10 −7 H when using typical MAST parameters. The presence of an electric field will accelerate electrons along it. In STs, the toroidal magnetic field is about two orders of magnitude stronger than the poloidal field in the vicinity of the magnetic axis during start-up, such that the parallel velocity of electrons is essentially in the toroidal direction. The electric field induced by a change in the toroidal current will therefore affect the parallel motion of electrons,
where the value of V L is obtained under the condition that (3) holds and R 0 is the major radius. The assumption is made that the majority of electrons will be located around the major radius, hence we take the value of the electric field to be determined at this distance within our 0D model.
EBW heating
The interaction between the injected RF beam and the plasma is described by an EBW heating term. The EBW has an electric field that is nearly perpendicular to the magnetic field, such that it mainly increases the perpendicular momentum of electrons [20] , and can be described using
where D 0 is a constant to be determined via energy balance (see below), ω c is the cyclotron frequency, and a volume average is taken to account for the spatial dependence of absorption. The location of absorption is determined by the resonance condition,
where ω c is the relativistic electron cyclotron frequency (ECR). Absorption occurs around the ECR, and is broadened by a relativistic mass shift and a Doppler shift.
The absorption width ∆ω can be related to the resonance width ∆R 0 ,
where R 0 is the radial distance where absorption takes place, or the change in N , the value of the refractive index parallel to the magnetic field,
depending on the evolution of the EBW as it is absorbed. Typically, the value of N evolves along the trajectory of the EBW as it is absorbed, indicating the use of equation (8) . If, instead, we want to highlight the effect of N on the generated current, equation (7) is a better choice for approximating the absorption width, and both equations could be used. The value of D 0 is found by ensuring the correct power is absorbed,
where P 0 is the injected power and the absorption coefficient A is related to the optical depth τ in the usual way [11] , A = 1 − e −τ , and is very close to 100% for a wide range of densities, even in cold plasmas.
It is known that k has different signs above and below the midplane, such that EBW rays propagating close to the midplane do not contribute significantly to the current drive as the value of N oscillates around zero [9, 22] . If the absorption is localised predominantly above or below the midplane, to gain a directionality with respect to the magnetic field, significant current can be generated [10] .
The value of the wavevector parallel to the magnetic field, k , determines the location of heating for the electrons. The EBW is fully absorbed before it reaches the ECR, such that ω − nω c > 0. If k > 0, the resonance condition (6) is satisfied for electrons with p > 0, and these electrons are heated, while if k < 0, electrons with p < 0 are heated. The sign of k is determined by the local magnetic field in the region of absorption, as the EBW is essentially perpendicular to the magnetic field.
Orbital losses
An important part of start-up is the transition from an open magnetic field line configuration to the formation of CFS. The open magnetic field line configuration allows electrons to freely stream out of the plasma volume. This loss mechanism is charaterized by a loss time τ loss ,
where the parallel loss time, due to electrons streaming along field lines, is modelled by the expression
with a the minor radius, I CFS the value of the plasma current where CFS first start to form, and B Z is theẐ-component of the magnetic field. The exponential factor has been included to correct for the fact that parallel loss times become longer once CFS form [16] . The perpendicular loss time describes the loss of electrons traveling across magnetic field lines due to collisions. Bohm diffusion is adopted to describe this effect [23] ,
The loss time does not take into account the spatial structure of the magnetic field, and therefore electrons with the same velocity, but moving in opposite directions, will be lost at the same rate. Wong [24] noticed that, in the case of an open magnetic field line configuration, certain electrons can be confined by adding a small vertical magnetic field. The guiding centre equations, which predict a curvature and ∇B drift, give the following expression for the motion in the Z-direction,
For B Z > 0 and B φ > 0, some electrons with v > 0 will have V Z = 0, and will not be lost, while all other electrons will be lost to either the top or the bottom of the vessel. The vacuum magnetic field can therefore be used to control which electrons satisfy V Z = 0 and are preferentially confined, leading to the initiation of a current. This phenomenon has been used to describe the initiation of CFS using single particle orbits [13, 14, 15] , and will be used here in order to study the confinement of electrons.
The preferential confinement of electrons results in a net current, and it is therefore important to model the time evolution of this confinement. The spatial structure of the magnetic field, along with the initial position and velocity, determines whether an electron will be lost or confined, but as we cannot study the orbit of every electron, some simplifications need to be made. We assume that the loss term can be described through the simple form,
where P loss (p , p ⊥ ) is the probability of an electron being lost or confined.
In order to quantify the evolution of the confinement of electrons P loss (p , p ⊥ ) as a function of plasma current and vacuum magnetic field, we study single particle orbits under the assumption that energetic electrons originate from the ECR layer where they interact with the injected RF beam. Energetic electrons are most likely to be lost, and can only be created through an interaction with the injected RF beam. As absorption occurs around the ECR layer, we therefore study particle orbits originating from the midplane at the ECR layer. The orbit of an electron is traced out, and if it returns to its starting position, it is considered to be confined (whether it be a trapped or passing orbit). The collection of initial velocities which leads to confined orbits can be calculated, and it is this function that P loss (p , p ⊥ ) represents.
From studying electron orbits, and the confinement of electrons originating from different locations, the assumption is made that the probability of an electron being lost or confined can be represented by,
where = (p , I P , I CFS , Z 0 ) contains the dependence of the loss term on a number of different factors, including the plasma current I P , the value of the plasma current where CFS first start to form I CFS , and the vertical shift of the plasma Z 0 . Of course, P loss = 0 if an electron is confined, with the probability increasing exponentially to P loss = 1 for a lost electron. This 0D approach to quantifying the loss term only considers which electrons are lost, and not where they are lost to or what happens with them after they are lost out of the plasma. As ions are not considered either, any charge build-up or electric fields generated by charge seperation are neglected, in order to ensure the model is tractable.
Evolution of electron confinement
The generation of a plasma current creates a self-field B a which changes the total magnetic field, and therefore also the confinement of electrons. Electrons originating from the midplane, at the ECR layer, are considered confined (trapped or passing) if they return to their starting point, and are plotted in figure 2 for increasing plasma current. In this case, the vacuum magnetic field B V consists of constant, vertical field with B V = 10 mT.
Initially, only those electrons that satisfy V Z = 0, and some electrons around it due to the mirror shaped magnetic field, are confined. The asymmetric confinement area expands towards the lower energy region as I P increases, until all forward electrons are confined. At this point, the self-field equals the vacuum magnetic field, the first CFS start to form, and I P = I CFS by definition. Further increasing the current leads to an increase in confinement of electrons moving opposite to the magnetic field, until all electrons are confined and the last CFS encloses a substantial volume.
Even in this simple example it is clear that electrons with p > 0 and p < 0 have different confinement, and the optimal operating region will be around I P = I CFS , where all forward electrons, with p > 0, are confined.
Dependence on I CFS
The confinement of electrons does not only depend on the plasma current, but also on the vacuum magnetic field strength and shape, as well as the current density profile. All of these dependences are contained within a single parameter, I CFS . I CFS and I P = I CFS . Remarkably, the only differences are the confinement of fast electrons with large p , while the confinement of electrons with the same ratio p /p ⊥ is largely unaffected by the strength of the vacuum magnetic field, as long as the ratio of I P /I CFS is the same.
The value of I CFS is related to the strength and shape of the vacuum magnetic field, and the shape of the current density profile. These dependencies only influences the value of I CFS , and, as long as the ratio of I P /I CFS is the same, the confinement of electrons remains very similar, as illustrated in figure 3 .
The complex nature of the spatial dependence of elecron confinement is therefore contained within a single parameter, I CFS , which is equal to the plasma current at which all forward electrons are confined, and the first CFS start to form. As there could be no certainty with the particular choice of the current density profile, and a different profile will lead to a different value of I CFS , the value of I CFS could easily be adjusted to allow for this uncertainty.
Effect of a vertical shift Z 0
Experiments conducted on MAST indicate that shifting the plasma up or down helps to form CFS. A vertical shift is generated by creating a radial field B R , such that the point where B Z = 0 shifts up or down by a distance Z 0 . The impact such a shift has on the confinement of electrons for a constant, vertical vacuum magnetic field of B V = 10 mT, is shown in figure 4 . This vertical shift acts to enhance the asymmetry of electron confinement, by reducing the confinement of electrons moving opposite to the magnetic field. The confinement of fast electrons with large p > 0 is also affected, but there would be very few electrons in this region of momentum space, as the EBWs mainly create fast electrons with large p ⊥ . The effect of reducing the confinement of these electrons is therefore expected to be minimal. 
EBW start-up in MAST
We now turn our attention to modelling microwave start-up in MAST. The EBW startup method employed here relied on the production of low-density plasma by RF preionization around the fundamental ECR, and a subsequent double mode conversion (MC) for the excitation of EBWs. Using a 28 GHz gyrotron, placing the ECR at R = 0.4 m, capable of delivering 100 kW for up to 0.5 s, significant plasma current was achieved at an efficiency of approximately 1 A/W [5, 7] .
The start-up scheme consisted of the MC of an ordinary (O) mode RF wave, incident from the low field side of the tokamak, into the extraordinary (X) mode with the help of a grooved mirror-polarizer incorporated in a graphite tile on the central rod. The X-mode, propagating back into the plasma, passed through the ECR and experienced a subsequent slow X to EBW MC near the upper hybrid resonance (UHR). The excited EBW mode was totally absorbed before it reached the ECR, due to the Doppler shifted resonance.
The EBW is essentially perpendicular to the UHR layer, such that N ⊥ , the perpendicular component of the refractive index, exceeds N , the component of the refractive index parallel to the magnetic field, by about two orders of magnitude. EBWs can, however, develop large values for the wave vector, and therefore N can reach values N > 1. In experiments EBWs developed N within the range 0.3−0.5 as they approach the ECR [21] , while EBW with N = 1 were found to be responsible for the creation of fast electrons [5] .
Density measurements indicated that the density was about ∼ 3 × 10 17 m −3 . It is reasonable to assume that, through ionization, the density will increase during startup, but its exact time evolution depends on refuelling from the edge, recombination, ionization and other losses, including orbital losses. For simplicity, we assume a fixed density evolution, n e = n e0 0.1 + 0.9tanh t t 0 where n e0 = 3 × 10 17 m −3 and t 0 = 0.05 s. In order to compare different start-up scenarios, we will assume that the density evolution is always the same, regardless of the number of electrons lost. Although this is not physical, experimental measurements of density are not readily available, and this allows us to isolate and study certain effects during start-up that cannot be studied experimentally.
There are three parameters that are fitted during a simulation: the number of electrons entering the system per unit time S 0 ensures the correct density evolution; the absorption constant D 0 ensures the correct power is absorbed; and the loop voltage V L , resulting from plasma induction, ensures Lenz's law is always satisfied.
Collisional start-up
The Fisch-Boozer mechanism, based on the preferential heating of electrons with a fixed parallel velocity to produce an anisotropic plasma resistivity, is an attractive concept for CD using EC waves. This CD mechanism is driven by collisions, and has been all but excluded as the CD mechanism during EBW start-up due to the current being carried by energetic electrons which undergo very few collisions. In order to see whether energetic electrons are formed under EBW power, and if collisions can generate a current, consider a start-up simulation, ∂f ∂t = source + RF heating + collisions + loop voltage where all electron losses are excluded. We assume the EBW has a well-defined wave vector, such that N is fixed, and ∆R = 0.05 m in (7). Figure 5 compares two cases: N = 0 and N = 0.5. Firstly, it is illustrated, for N = 0.5, that the simulated density is fitted to the experimental density, and a population of energetic electrons starts to form due to the flattening of the distribution function. In order for all the power to be absorbed, electrons are accelerated to increasingly higher energies, and due to the large value of N , even fast electrons can still interact with the EBW.
The current generated by the two different values of N illustrates the Fisch-Boozer mechanism: the preferential heating of electrons, with N = 0.5 heats electrons with p > 0, generating a positive current, while N = 0 fails to gain a directionality with respect to the magnetic field, and therefore does not generate a plasma current. A schematic of the Fisch-Boozer CD mechanism is shown in figure 6 .
This simple test confirms several EBW CD theories. Firstly, EBWs with N = 0, as is the case for EBWs propagating close to the midplane, do not contribute significantly to the CD as it fails to gain a directionality with respect to the magnetic field [9, 22] . Secondly, by creating an EBW with optimal N , gaining a directionality with respect to the magnetic field, a current can be generated [10] , but due to the formation of energetic electrons, this current is small, excluding the Fisch-Boozer mechanism as a major contributor to the CD [6] . Figure 5 : The time evolution of (a) the density shows the simulated and experimental densities being equal, as well as the density of energetic electrons (with energies greater than 25 keV), which are created through the flattening of the distribution function, as shown in (b) -in order for the power to be absorbed, electrons are accelerated to higher energies. The time evolution of (c) the current generation shows that a current can be generated by preferentially heating electrons, similar to the Fisch-Boozer mechanism. Figure 6 : Schematic of the collisional current-drive: (a) The preferential heating of electrons through EBWs generates (collisionless) energetic electrons (b) which creates an asymmetry amongst the collisional thermal electrons. Collisions lead to the restoration of a Maxwellian amongst the thermal electrons (c) such that the thermal electrons carry no current, and the current is carried by the energetic electrons. In reality, collisions are not sufficiently strong to fully restore the Maxwellian, and the EBW heating will flatten the distribution in p ⊥ , as shown in figure 5(b) , rather than create a well-defined group of energetic electrons.
Current drive by the preferential confinement of electrons
Wong [24] observed that during start-up when the magnetic field lines have an open configuration, a preferential confinement of electrons can be created by adding a small vertical magnetic field. This preferential confinement has been used to describe the initiation of CFS, using single particle orbits [14, 15, 13] , and it was shown in Section 3 that until CFS form, the confinement of forward electrons is much better than electrons moving counter to the magnetic field. In order to test the preferential confinement of electrons as a possible CD mechanism, consider a start-up simulation, ∂f ∂t = source + RF heating + loss + loop voltage + collisions where the vacuum vertical field B V = 6 mT is fixed. In order to see the effect of the loss term on the generated current, we perform simulations with and without collisions, and compare this to the case with no loss term. From the previous section, we know that the preferential heating of electrons is necessary to generate a current, so we set N = 0.5 and ∆R = 0.05 m in equation (7). Results are shown in figure 7 .
The comparison of the simulated plasma current in three different scenarios is shown in figure 7(a) . In the absence of collisions, the plasma current generated by the loss term is even smaller than the current generated by the Fisch-Boozer mechanism. As the EBW heating increases only the perpendicular momentum of electrons, which does not generate a current in itself, the losses of electrons are small. Including collisions allows the parallel momentum of electrons to be increased through pitch-angle scattering, leading to greater losses and a generated current more than 10 times greater than before. The preferential confinement of electrons is therefore responsible for the greater part of the generated current, with collisions only "feeding"the loss term by increasing the parallel momentum of electrons through pitch-angle scattering. A schematic of the mechanism is shown in figure 8 .
By relating the average energy in each distribution to a pseudo-temperature, we can compare the "temperatures" of the three cases, shown in figure 7(b) . We note that, without any losses, a very high temperature is reached. All three simulations have the same density and EBW power absorbed, such that, in the case with no losses, all the absorbed power is used to increase the temperature. When adding losses, but excluding collisions, the temperature is slightly lower, as very few electrons are lost, due to EBW heating increasing only the perpendicular momentum of electrons. With both collisions and orbital losses, the temperature is greatly reduced, to the order of hundreds of eV, which is comparable to temperatures inferred from experiments. In this case, collisions increase the parallel momentum of electrons through pitch-angle scattering, "feeding" the loss term. Fast electrons are therefore lost, and, in order to ensure the density remains the same, are replaced by cold electrons, leading to a reduction in the electron temperature. Figure 7 (c) show the electron injection rate for the three different cases considered. As all three cases have the same time evolution of density, the value of S 0 needs to be adjusted depending on the number of electrons lost. Adding the loss term leads to an increase in the value of S 0 , while having both collisions and orbital losses lead to an even greater increase, as more electrons are lost.
The current drive mechanism is therefore based on the preferential confinement of electrons, with collisions increasing the loss rate through pitch-angle scattering. Figure 7 : The time evolution of (a) the plasma current shows that a significantly larger current is generated when both losses and collisions are present, indicative of the current drive mechanism through the preferential confinement of electrons. The time evolution of (b) the temperature also shows that by including the loss term, the electron temperature is significantly lower, even though all cases have the same density. Lost electrons are replaced with cold electrons through the source, and the time evolution of (c) S 0 shows that the number of cold electrons (T e = 2 eV) added to the system is about 3 orders of magnitude more. 
Vertical shift
Experiments conducted on MAST indicated that shifting the plasma up or down helps the formation of CFS [5, 7] . Shifting the plasma a distance Z 0 influences start-up in two ways:
(i) It influences the confinement of electrons, enhancing the asymmetry, as was shown in Section 3, in such a way that a larger current can be generated.
(ii) It generates a favourable B V in the MC zone in order for an optimal N to develop. In MAST, B V < 0 which leads to N < 0 above the midplane and N > 0 below the midplane. In order to have N > 0 in the MC zone, the plasma is shifted upwards.
Once CFS start to form, B Z changes sign in the MC region, and the plasma has to be shifted back downwards to ensure N > 0 in the MC zone.
Through experiments and ray-tracing we know that the value of N changes as the EBW propagates towards the ECR layer. In order to account for this, we let ∆N = 1 in (8) , and compare two cases: Z 0 = 20 cm with N = 0.5, and Z 0 = 0 cm with N = 0. We let the vacuum magnetic field be constant, leading to a constant value of I CFS . The comparison of the generated plasma current, for an input power P 0 = 50 kW, is shown in figure 9 , showing a large increase in current, and the formation of CFS, when shifting the plasma upwards, as observed experimentally. 
Vacuum field ramp-up
Experiments showed that the most efficient method of generating larger plasma currents is by increasing the vacuum field strength [5, 7] . In Section 3 we showed that increasing the vacuum field strength leads to an increase in the value of I CFS , the value of the plasma current where the first CFS start to form. An increase in I CFS can lead to a subsequent increase in I P while keeping the asymmetry of the loss term intact, generating larger plasma currents.
In order to test this, we replicate the magnetic field strength and vertical shift of an experiment conducted on MAST. The vertical shift ensures that N > 0, while also affecting the confinement of electrons, to help the formation of CFS. We therefore let N = 0.5 and ∆N = 1 in equation (8) . Results for a 50 kW input is shown in figure 10 , and shows a rise in I P as I CFS is increased, generating larger plasma currents, due to the asymmetry of the loss term being maintained through the increase in I CFS .
The rise in plasma current compares well to experiment, as the current generated follows the increase in I CFS . As the vacuum field strength is ramped-up, and the value of I CFS is increased, the plasma current I P can increase accordingly, as the asymmetry in the loss term is sustained.
Experiments further concluded that the majority of the plasma current is carried by energetic electrons [5, 7, 6, 15] , which raises the issue of whether a collision-driven CD Figure 10 : The best way of generating a larger plasma current is by increasing the vacuum field strength, or the value of I CFS , as illustrated here for (a) a simulated plasma current, compared to I CFS , and (b) experimentally measured plasma current in MAST shot #28941. By increasing I CFS , the plasma current I P can be increased while sustaining the asymmetry in the loss term, leading to larger plasma currents. mechanism is valid. Figure 11 shows that the majority of the plasma current is carried by electrons with energies 10 − 25 keV during the vacuum field ramp-up phase, while the majority of electrons have energies less than 10 keV. This compares well to experimental conclusions, which suggests that electrons with energies ∼ 25 keV are responsible for the majority of the current, but that the majority of electrons have energies much lower.
As electrons with v > 0 are accelerated by the EBW, the thermal electrons carry a negative current, as there are more electrons with v < 0 than v > 0. The energetic electrons with energies 10 − 25 keV compensate for this negative current with a larger positive current.
After the vacuum field ramp-up phase, the energies of the electrons responsible for carrying the majority of the plasma current increases, as the confinement of electrons improves and collisions become responsible for the current drive, in a situation similar to that depicted in figure 6.
The relationship between power, density and current
Experiments on MAST found that there exists a linear relationship between the generated plasma current and injected RF power, with an efficiency of about 1 A/W. In order to gain an understanding of this relationship, it is necessary to first look at the dependence of the generated current on density and power, as the injected power will have an effect on the electron density, which will then impact the plasma current.
The current generated by the Fisch-Boozer mechanism decreases for increasing electron density, as shown in figure 12(a) . For the same power absorbed, higher density distributions will have lower temperatures and increased collisionality. This will force the distribution to be closer to Maxwellian, thereby reducing the anisotropy in the plasma resistivity.
The current generated by the preferential confinement of electrons, however, Figure 11 : Experiments concluded that the majority of the plasma current is carried by energetic electrons [5, 7, 6, 15] , which is confirmed by simulation. The time evolution of (a) the plasma current, shows that the majority of current is carried by electrons between 10 − 25 keV during the vacuum field ramp-up, with this energy increasing after CFS start to form. Electrons with v > 0 are accelerated by the EBW, such that the thermal electrons carry a negative current. Although the current is carried by these energetic electrons, the majority of electrons have energies less than 10 keV, as is shown in (b) the time evolution of the electron density.
increases as the density is increased, as shown in figure 12 (b). As electrons with v < 0 are lost faster than electrons with v > 0, increasing the density will result in greater losses, and therefore a greater plasma current. Figure 12 (c) shows the evolution of plasma current when including both collisions and orbital losses for different electron densities. The increase in density results in greater losses, which leads to a greater plasma current, similarly to the case without collisions, and the generated current is proportional to the electron density. (c) Figure 12 : Comparison of the generated plasma current under (a) collisions (no losses), (b) losses (no collisions), and (c) both losses and collisions, for increasing electron density and constant power. The collisional current decreases when increasing the density, while the current generation by the preferential confinement of electrons increases for increasing density.
The dependence of plasma current on injected power is shown in figure 13 . In this case, the electron density is kept constant, and the power absorbed is varied. The current generated by the Fisch-Boozer mechanism is shown to increase when increasing the absorbed power, as higher power will lead to higher temperatures and decreased collisionality, leading to a greater anisotropy in the plasma resistivity.
In the absence of collisions, the current generated by the preferential confinement of electrons decreases for increasing power, but increases when collisions are included. As EBW power mainly increases the perpendicular momentum of electrons, increasing the power will create more electrons with large p ⊥ , which reduces the probability of an electron being lost. In the absence of collisions, electrons can not be pitch-angle scattered into regions of larger p and greater losses, such that the overall losses decrease, and the generated plasma current is smaller.
When including both losses and collisions, increasing the power leads to an increase in the temperature, including the parallel temperature. Therefore, electrons have, on average, larger values of p , and, as orbital losses increase for increasing p , increasing the power leads to greater losses and larger plasma currents. Figure 13 : Comparison of the generated plasma current under (a) collisions (no losses), (b) losses (no collisions), and (c) both losses and collisions, for increasing RF power and constant density. The current generated by both collisions by the preferential confinement of electrons, with collisions, is increases for increasing power, while it decreases with increasing power in the absence of collisions.
In order to fully understand how the injected power and electron density influences the generated plasma current, a better understanding of the relationship between power and density is required. While experiments on MAST showed a linear relationship between the plasma current and injected power [7] , Yoshinaga [15] observed that, for a fixed vacuum magnetic field strength, increasing the injected power does not increase the total generated current, but only decreases the amount of time it takes for CFS to form. Gaining a better understanding of these observations is not possible without knowledge of the density evolution as a function of input power, and such a study is beyond the scope of this work.
Discussion
EBW-assisted plasma current start-up has previously been demonstrated successfully in a number of experiments. An important aspect of start-up is the change in the magnetic field topology, from an open field line configuration to the formation of CFS, which is governed by the initiation of a plasma current. The generated current is mainly driven by the absorption of EBW power, and carried by energetic electrons, while larger currents are generated through an increase of the vacuum magnetic field strength.
Previous studies into the current drive mechanism have focused mainly on pressuredriven currents and the study of single particle orbits for the initiation of CFS through a preferential confinement of electrons based on the open magnetic field line structure. This paper describes the development of a kinetic model to simulate the dynamic startup phase, and shows that collisions are responsible for only a small part of current drive, while the preferential confinement of electrons, controlled by the vacuum magnetic field, are responsible for the majority of the driven current.
The Fisch-Boozer mechanism, based on the preferential heating of electrons to create an anisotropic plasma resistivity, generates plasma currents much smaller than those observed in experiments. The open magnetic field line configuration leads to the preferential confinement of electrons, due to the vertical magnetic field cancelling out the perpendicular ∇B and curvature drifts for a selection of electrons. Collisions then act to "feed" the loss term: RF heating mainly increases the perpendicular momenta of electrons, and through pitch-angle scattering the parallel momenta of electrons are increased, increasing the rate at which electrons are lost, and ultimately leading to larger plasma currents being generated.
The location of RF heating, in this case through EBWs, depends on the local magnetic field in the MC zone. In MAST, the MC zone is located just above the midplane, and, to ensure N > 0, the magnetic field midplane must be shifted upwards. Once CFS start to form, however, the poloidal magnetic field reverses direction in the MC zone, and the magnetic field midplane must be shifted back downwards to ensure N > 0 remains. This vertical shift also influences the confinement of electrons, and helps the formation of CFS.
The preferential confinement of electrons is an effect that disappears once CFS are completely formed and all electrons are confined. It can, however, be controlled through the use of the vacuum magnetic field in order to generate larger plasma currents. If we consider the plasma current I P = I CFS to be the point where all forward electrons are confined and the first CFS start to form, then by increasing the value of I CFS , larger values of I P can be achieved while keeping the asymmetry of the loss term intact. In this way a B V ramp-up can be used to achieve greater plasma currents.
Simulations show that the majority of the plasma current is carried by electrons with energies 10 − 25 keV, which compares well to experimental conclusions. After CFS forms, however, the energies of current carrying electrons start to increase, as the distribution function becomes flat and electrons are accelerated to higher and higher energies, as depicted in figure 6 .
Understanding the dependence of the plasma current on the injected power requires knowledge of the time evolution of the electron density, and its dependence on the injected power, which is beyond the scope of this work. It is shown, however, that the current generated by the Fisch-Boozer mechanism decreases for increasing electron density, and increases when increasing the absorbed power, while the current generated by the preferential confinement of electrons increases when increasing both the electron density and absorbed power.
Losses and collisions have the net effect of producing a current which increases with RF power, as observed experimentally, but the model does not give the linear scaling of current with power as seen on MAST. This relationship may be reproduced through further investigation and refinements of the model.
